Background Statins are a commonly used cholesterollowering drug, which also have the potential to affect cancer risk and progression. Results from previous studies offer mixed conclusions. Methods To evaluate the relation between statin use and prostate cancer risk, we conducted a retrospective cohort study during 1 January 1990 to 31 August 2005 among men 45-79 years receiving care within Group Health, an integrated healthcare delivery system. Information on statin use and covariates were obtained from health plan databases. We identified incident prostate cancer cases through the Surveillance, Epidemiology, and End Results cancer registry. We used Cox proportional hazards models to estimate the hazard ratios (HR) and 95% confidence intervals (CI) for prostate cancer among statin users compared to non-users. Results Among 83,372 men studied, median follow-up time was 5.7 years and 2,532 prostate cancer cases were identified. About 14.4% used statins over the study period and median duration of use was 3.3 years. Compared to non-users, hydrophobic statin users had a reduced risk of prostate cancer (HR = 0.79; 95% CI, 0.66-0.94), and results are suggestive of a reduced risk among ever users of statins (HR = 0.88; 95% CI, 0.76-1.02) and hydrophilic statin users (HR = 0.67; 95% CI, 0.33-1.34). There was no trend in risk by duration of statin use, and no association between statin use and cancer aggressiveness, stage, or grade. Conclusion Overall, this study does not support an associated between statin use and prostate cancer but a reduced risk cannot be ruled out.
Introduction
Prostate cancer is the second most common cancer among men in the US [1] . In 2007, approximately 219,000 new cases of prostate cancer will be diagnosed and 27,000 deaths will occur from this disease [1] . HMG-CoA inhibitors (statins) reduce plasma cholesterol levels and are used to manage and prevent coronary heart disease [2] . Introduced in 1987, statins are one of the most commonly prescribed drugs in the US [3] , and a growing body of laboratory studies suggests statins may have chemopreventive potential against cancer [4, 5] . Statins have been shown to inhibit tumor initiation, growth, and metastasis of tumor cells [5] . This suspected anticancer effect is biologically plausible because statins inhibit many of the products of the mevalonate pathway that are necessary for critical cellular functions such as membrane integrity, cell signaling, protein synthesis, and cell cycle progression [6] .
Results from epidemiologic studies of statin use and prostate cancer risk vary, with some reporting either no overall effect on risk [7] [8] [9] [10] [11] [12] [13] or a decrease in risk [14] [15] [16] [17] . Only one epidemiologic study found a moderate increase in risk [18] . However, recent studies consistently report that statins reduce advanced and metastatic/fatal prostate cancer [9-11, 19, 20] , and aggressive disease [14] . Clinical trials of statin use and cardiovascular endpoints have generally not found an altered risk of overall cancer or site-specific cancers with statin use [21] , but long-term follow-up of the West of Scotland Coronary Prevention Study recently reported a trend toward an increased risk of prostate cancer among the pravastatin group compared with placebo [22] . Meta-analyses of trials and meta-analyses of trials and epidemiologic studies combined do not support an association between statin use and reduced cancer risk [21, [23] [24] [25] [26] [27] [28] . All results should be considered, but the trials were not powered to assess rare safety outcomes such as cancer and follow-up periods were relatively short compared to the long latency period of cancer.
To address the mixed results, we examined the association between statin use and prostate cancer risk, including aggressive disease, stage, and tumor grade using a prospective design in a large population-based setting that does not regularly screen for prostate cancer (i.e., reducing the influence of detection bias). We previously published results on the association between statin use and breast cancer risk using a similar methodology as described below [29] .
Methods

Study population
We conducted a dynamic retrospective cohort study among men enrolled in Group Health, a non-profit integrated delivery system that provides comprehensive health care on a pre-paid basis to approximately 550,000 individuals throughout western Washington State. Group Health's Institutional Review Board approved the study.
Men were included in the study if they met all the following criteria: (1) continuously enrolled in Group Health's integrated group practice for at least two years during the study period of 1 January 1990 to 31 August 2005; (2) between the age of 45-79 years anytime during the study period; (3) residing in 1 of 13 Washington counties covered by the western Washington Surveillance, Epidemiology, and End Results (SEER) cancer registry, and (4) no prior history of prostate cancer as identified in the SEER registry.
Data collection
We used automated health plan data to ascertain information on medication use and potential confounders. Information on enrollment, health care utilization including medication use, diagnoses, and laboratory results are recorded and maintained in Group Health's automated databases that can be linked by a unique consumer number [30] . Group Health automated pharmacy data are considered a complete source of medication use; enrollees obtain approximately 97% of their medications at Group Health pharmacies [31, 32] . Computer linkage between active Group Health enrollees and the SEER registry provides near complete ascertainment of cancer cases [33] . Similarly, Washington State Death records for active enrollees are regularly obtained [34] .
Statin use
Using the Group Health automated pharmacy database, we identified all statins (atorvastatin, cerivastatin, lovastatin, fluvastatin, pravastatin, simvastatin, and rosuvastatin) dispensed during the study period. For each statin dispensing, we estimated when the pills should have run out (run-out date) based on directions for use and quantity dispensed. A new run-out date was set with each successive dispensing. A 60-day lag period between the run-out date of one dispensing and fill date of the successive dispensing was used to define continuous use. Periods of continuous use were summed for total duration of use.
Statin users were defined as men with 2+ dispensings for a statin within any six-month period and who used statins for at least one year. Men with 1 or less statin dispensing or less than one year of statin use were considered non-users. We considered men current users if statins were used within the previous 12 months and past users if statins were used more than 12 months prior. Among statin users, we calculated the cumulative lengths of statin use. Cumulative duration of statin use was categorized as 1-2.9, 3-4.9, and 5+ years. Statin use was further categorized as hydrophobic only users (lovastatin, simvastatin, fluvastatin, atorvastatin, and cerivastatin) or hydrophilic only users (pravastatin and rosuvastatin).
Prostate cancer
We identified all incident, invasive prostate cancer cases from the SEER registry. Aggressive disease was defined as prostate cancer diagnosed with grade 3 and a Gleason score between 8 and 10, grade 4, or regional or distant SEER summary stage. We also considered grade and stage separately and defined high-grade cancer as grade 3 and Gleason score between 8 and 10 or grade 4. Advanced stage cancer was defined as regional or distant stage.
Covariates
We used outpatient, inpatient, laboratory, pharmacy, and administrative databases to identify potential confounders. Men meeting at least one of the following during Group Health enrollment were considered to have diabetes: (1) 2+ dispensings for a medication used to treat diabetes (e.g., sulfonylurea, insulin), (2) a fasting glucose [125 mg/dl confirmed by a second out-of-range test within one year, (3) a random glucose [200 mg/dl confirmed by a second test within one year, or (4) a hospital discharge of diabetes or at least two outpatient diagnosis of diabetes (ICD-9 codes of 250, 250.0, 250.1, 250.2, 250.3, 250.4, 250.5, 250.6, 250.7, 250.8, 250.9) at any time during Group Health enrollment [35] . Other lipid lowering drug use was defined as 2+ dispensings of bile acid sequestrants, niacin, or fibrates. Non-steroidal anti-inflammatory drug (NSAID) use was defined as 2+ dispensings of NSAIDS including cyclooxygenase II selective inhibitors and aspirin-containing products. Hypercholesterolemia was defined as low-density lipoprotein C160 mg/dl or total cholesterol C240 mg/dl.
Statistical analysis
Follow-up of the study cohort extended from 1 January 1991 or one year after enrollment in Group Health if later than 1 January 1990 until the earliest of the following: diagnosis of an incident invasive prostate cancer, 80 years of age, death, disenrollment from Group Health, or the end of the study period (31 August 2005). We used Cox proportional hazards models [36] to examine the association between statin use and risk of prostate cancer, prostate cancer aggressiveness, grade, and stage.
Statin use was modeled as a time-varying exposure. Subjects were allowed to transition from being non-users to users or from non-users to current users to past users over time. For analyses of statin type (hydrophobic or hydrophilic), 12.4% of users were censored when they began using a different type of statin. We adjusted the final models for age at the beginning of the study period and time-varying covariates for diabetes, other lipid lowering medication use, NSAID use, and hypercholesterolemia. We used a cubic smoothing spline [37] with five knots to model age. Cubic smoothing splines provide a flexible approach for modeling the non-linear relations between cancer risk and age to more completely adjust for confounding [37] . The proportional hazards assumption was evaluated by testing for the interaction of statin use with follow-up time. The assumption was met in all models. Analyses were performed using the SAS statistical package, version 9.1 (Cary, NC).
In a subgroup of men who were enrolled in Group Health for at least five years during the study period, we evaluated the relation between duration of statin use (1-2.9, 3-4.9, and 5+ years) and prostate cancer risk. Follow-up began on 1 January 1995 or five years after enrollment in Group Health if enrollment occurred after 1 January 1990.
Men who died or developed prostate cancer during the first five years of the study period were excluded.
In sensitivity analyses, we only considered the true nonusers of statins in the comparison group by excluding men with either one dispensing for a statin or use of less than one year. We also conducted subset analyses limited to men with at least one prostate specific antigen (PSA) test in the study period. However, Group Health follows the US Preventive Services Task Force guidelines [38] and does not recommend for or against routine screening for prostate cancer using PSA testing or digital rectal examination. Among men who were tested, we were unable to determine if PSA testing was for screening or diagnostic purposes.
Results
A total of 578,885 person-years were contributed by the 83,372 study cohort members. About 14.4% used statins for at least one year during the study period for a total of 44,906 person-years of statin use. Statin use increased steadily from 0.8% in 1991 to 31.1% in the first half of 2005 ( Fig. 1) , and the median cumulative duration of statin use during the study period was 3.3 years (range, 1-15.9 years). The majority of statin use was hydrophobic (85.9%). Lovastatin and simvastatin were the most commonly used statins and specific statin use varied by calendar year due to changes in the Group Health drug formulary.
Statin users were more likely to have a PSA test, diabetes, and hypercholesterolemia than non-users (Table 1) . Compared to non-users, statin users had higher rates of outpatient care visits (e.g., primary care, specialty care), other lipid lowering medication use, and NSAID use. We identified 2,532 prostate cancer cases during study followup. Cases were older than disease-free men. Compared to disease-free men, we observed a higher frequency of PSA The median length of study follow-up was 5.7 years (range, 1 day to 14.7 years). From multivariable models, the results suggest a reduced risk of prostate cancer among ever users of statins (hazard ratio (HR) = 0.88; 95% confidence interval (CI), 0.76-1.02) compared with non-users but the difference was not statistically significant (Table 2 ). Compared to non-users, hydrophobic statin users had a reduced risk of prostate cancer (HR = 0.79; 95% CI, 0.66-0.94). While the point estimate for hydrophilic statin users also suggested a reduced risk of prostate cancer compared to non-users (HR = 0.67; 95% CI, 0.33-1.34), the confidence intervals were wide due to the low prevalence of hydrophilic statin use at Group Health. Among men enrolled in Group Health for at least five years during the study period, evaluation of the risk of prostate cancer by duration of statin use and duration of hydrophobic statin use revealed no significant trend. There was, however, a reduced risk of prostate cancer among the shortest duration of use category of 1-2.9 years of statin use (HR = 0.75; 95% CI, 0.59-0.95 for any statins and 0.74; 95% CI, 0.57-0.95 for hydrophobic statins). We found (Table 3) .
In sensitivity analyses, where only the true non-users of statin were included in the comparison group, the results remained the same. We observed trivial changes in results This was one of the few large cohort studies conducted in an integrated practice setting where men receive almost all their care within the system, and information on medication use and diagnoses are available. Other strengths of the study include the stability of the population over time, extensive and unbiased data on medication use and covariates, ability to look at hydrophobic statin use, and reliable data on cancer incidence. Our large populationbased cohort demonstrates the dramatic increase in statin use over the past decade, which is consistent with the trend of statin use in the United States.
While we found some suggestion of a reduced risk but overall not statistically significant, it is biologically plausible that statins reduce prostate cancer risk. The mechanistic data is relatively strong and suggests statins inhibit cancer cell growth and lead to apoptotic cell death through their inhibition of the mevalonate pathway, although other mechanisms have also been suggested [4, 17] . Many products of the mevalonate pathway are necessary for critical cellular functions such as membrane integrity, cell signaling, protein synthesis, and cell cycle progression [4, 5] . Disruptions of these processes in neoplastic cells by statins may result in control of tumor initiation, growth, and metastasis [5] . Our results on type of statin also support evolving evidence that hydrophobic statins have antiproliferative effects on certain cancer cells [39] [40] [41] . It has been suggested that hydrophilic statins promote cancer [39] , but our results suggest an inverse association between hydrophilic statin use and prostate cancer risk.
There are several limitations in our study. First, study subjects were from a single healthcare system in western Washington State and may not represent other populations. Second, we cannot rule out exposure misclassification. Subjects who fill prescriptions but do not subsequently take the medication may be misclassified as users. Additionally, pharmacy utilization is only captured for enrollees who fill prescriptions at Group Health pharmacies and for enrollees with a drug benefit through Group Health who fill prescriptions at contracting pharmacies. Therefore, subjects who fill prescriptions at non-Group Health pharmacies may be erroneously classified as non-users. However, misclassification of medication use is relatively unlikely since previous Group Health studies have found that enrollees obtain 97% of their medications at Group Health pharmacies [31, 32] , and we required 2+ dispensings and a year of use to be considered a statin user. We did not have information on medication use before enrollment in Group Health. While unlikely, misclassifying a user as a non-user could bias our findings toward the null and partly explain why we did not find a significant association between statin use and prostate cancer risk. Last, residual confounding is always possible. We lacked information on potential confounders such as body mass index, diet, socioeconomic status, and race, and men prescribed and adherent to statins may differ from non-users by factors not measured in this study. Statin users had more PSA testing and medical visits compared to non-users, which could lead to earlier detection of prostate cancer and bias results away from finding any true chemopreventive effect. However, results were similar when we limited our analyses to men with at least one PSA test during the study period. While not an aim of this study, there is also preliminary evidence to suggest that statin use may be associated with a decrease in PSA levels [42] . If such an association exists, prostate cancers could be missed when using PSA testing to screen for prostate cancer among statin users. Missed cases could lead to false conclusions that statins are associated with a reduced risk of prostate cancer but may later appear to be associated with an increased risk of advanced disease.
In conclusion, our study and other epidemiologic studies indicate that statins are safe in relation to prostate cancer risk but any chemopreventive effect remains to be established and recent report of increased prostate cancer risk with pravastatin use from the long-term follow-up of the West of Scotland Coronary Prevention Study are concerning [22] . To make conclusions about the effect of statins on prostate cancer prevention, mechanistic data suggests that the type, dose, and potency of statin used and the serum concentrations achieved need to be considered in observational studies [39, 43] . We agree with Platz that the promising and consistent findings from the most recently published studies are remarkable [44] , but many of the specifics on statin use (e.g., individual statins, potency) have not been adequately addressed, and the influence of detection bias [44] as well as other confounders such as socioeconomic status need further study. The research and clinical community must make decisions about whether further evaluation is warranted and, if so, what types of studies are needed. The evidence must be strong before any drug should be used to prevent disease in a healthy population.
